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“The optimist sees opportunity in every danger; 
the pessimist sees danger in every opportunity”
Winston Churchill
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Abstract
The high fidelity diet of southern hemisphere Humpback whales (Megaptera 
novaeangliae) enables us to gain precious information about the state of the 
contamination of the Antarctic food web  through the analysis of blubber biopsies of 
free-ranging individuals. Circa 30 biopsies were collected through a minimally-
invasive biopsy method from free-swimming individuals during their late migration 
journey in September/October 2013 along the coast of North Stradbroke Island, 
Queensland, Australia. Samples have been analyzed by Gas chromatography - 
Mass Spectroscopy (GC-MS), for the determination of the major classes of 
persistent organic pollutants: current and historic-use organochlorine pesticides 
(OCPs), polychlorinated biphenyls (PCBs), and polybrominated diphenyl ethers 
(PBDEs). This study builds upon previous team work which has monitored OCPs 
and PCBs in the target population of whales since 2007 and the values will 
contribute toward temporal trend data. 
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Introduction
Among the many environments man has directed his monitoring interest towards, 
Antarctica still offers some of the greatest challenges and rewards. 
Exploring the semantics resorted by scientists across time and strings of research, 
this inhabited continent has been defined as: the thermometer, the sink or even 
the time machine of the Earth. All these words recall that Antarctica represents a 
special tool to measure the health of our planet. Since industry is absent and 
anthropic activity rather limited, a zoom on the edges of the map can led to the 
understanding of global-scale phenomenons. However, certain environmental 
processes are not only mirrored by Antarctica, but they instead result amplified 
under the lents of its extreme weather. 
Halogenation is known to enhance the volatility, stability  and lipophilicity of 
aromatic hydrocarbons. The synthetic creation of such molecules has supplied 
industry with cost-effective pesticides, additives and flames retardants. 
Unfortunately properties that sounded so successful when introduced to the 
market were also responsible for the fade-in of toxic chemicals with a long 
environmental fate (POPs). Being semi-volatile and very resistant toward 
atmospheric elements these compounds are dragged very far from their source of 
release. They travel through aerosols and marine currents by mean of multiple 
exchanges between the air at the ocean surface. The cold temperatures of high 
latitude regions inhibit the re-volatilization of POPs and are responsible for the 
formation a gradient of concentration directed towards the poles.
 For this reason, although no local contamination is expected in Antarctica, this 
continent can accumulate and store for many years chemicals released by remote 
hotbeds. Since organohalogen compounds are very lipophilic they bioaccumulate 
and biomagnify through the lipid rich Antarctic food chain, resulting in a threat for 
the top predators. By targeting a baleen whale that feeds at the first layer of the 
Antarctic ecosystem (Euphausia superba is the greatest common divisor in the 
Antarctic food web) we obtained a good insight on the contamination patterns that 
are characteristic of the local fauna. In addition, humpback whale is a migratory 
species that annually engages in a stressful metabolic cycle that could make her 
more susceptible to the action of the pollutants. The choice of analyzing this 
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animal is therefore justified by proving its reliability as a monitor of the Antarctic 
food web  as well as collecting information on his own health status. A further 
advantage deriving from targeting a migratory animal is that biopsies can be 
collected in the subtropical region of Queensland (Australia): in situ operations in 
Antarctica can be extremely expensive and also hazardous to the environment, 
because of the risk of direct contamination.
The following work retraces the association of ideas presented along the 
introduction. It articulates as:
- In the first chapter POPs life-history is considered and the properties of the main 
classes of analytes are presented. Large marine mammals are introduced as the 
edge of the marine food web, one of the largest arrival point for long range 
pollutants. Literature around the effects of POPs on cetaceans is reviewed and 
the target species (Megaptera novaeangliae) peculiar risk is evaluated; 
- Chapter two illustrates the details and logistics of the sampling, the analytical 
procedure and the instrumentation;
-  In the third chapter the collected results are commented. By comparing the 
current data with the previous study the loads of the samples subgroups are 
evaluated. The concentration found in Southern Ocean humpback whale are then 
compared to those of separated populations of the Northern hemisphere and the 
effects of the local environment is investigated.
- Findings are summarized in the fourth chapter;
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1.State of the art
1.1.Background
1.1.1.Defining POPs
Persistent organic pollutants (POPs) are a large group of lipophilic and long-lived 
compounds with properties that can harm living organisms.1 Among the thousands 
of toxic chemicals synthesized or employed by the modern industrial society, 
POPs stand out for their remarkable stability. They resist the attack of atmospheric 
elements and the action of metabolism, posing the treats, respectively, of long-
range transport and of long-term exposure.The first outcome is that they can cover 
far distances, almost unaltered, and thus they have global effects regardless of 
where they originate; the latter, means that, even if many of these components 
have not been correlated to acute damages, especially at the usual exposure 
levels, they can be accountable for chronic toxicity.  
We recall that POPs are organic molecules and they chiefly consist of 
halogenated  (both aromatic and non-) hydrocarbons. These structures are non-
polar and strongly lipophilic. Once they are introduced in a living organism through 
alimentation, respiration or contact, they tend to deposit into the adipose tissues. 
With minor possibilities of being broken down, or to be released, they 
bioaccumulate, up to concentration that can be 4 orders of magnitude higher than 
the surrounding environment. As slow-degrading substances, POPs also 
concentrate in the food chain: predatory animals eat, during their life, a quantity  of 
meat/fish that exceeds their own weight by hundreds of times and doing so, they 
store up  those pollutants that have been previously collected by their preys; as a 
result the concentration of toxic molecules rises the further up  the food chain you 
move and can reach critical values at the top trophic positions (biomagnification). 1 
The extent of the accumulative capacity vary for each chemical and depends on 
the metabolism of the chosen species as well as on the intake of a certain prey. In 
an ideal situation, where the higher trophic animal only rely on one single specie, 
the biomagnification factor (BMF) is calculated as the predator/prey concentration 
ratio.
Although a few naturally occurring organohalogen compound with POPs 
properties  (e.g. MeOH-PBDE) are known, persistent organic pollutants are mostly 
synthesized (man-made) molecules.2  Some of these contaminants have been 
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spread deliberately in the environment (pesticides), some others were released by 
objects in which they served as additives (PCBs, PBDEs), and some others were 
accidentally  synthesized as byproducts in the manufacture or in the wrong 
disposal of other chemicals (Dibenzodioxins, Dibenzofurans). In fact, some of the 
structural features of POPs, lend them excellent properties to perform in their 
primary use: resistance to fire is desirable in constructing materials; persistence 
makes an insecticide more effective, as well as, of course, toxicity. On the other 
hand, the nature of their slow and progressive pressure on the ecosystem 
somehow justifies the delay existing between their synthesis and the recognition of 
their hazards or even their ban: for example PCBs were identified in the Swedish 
environment in the ‘60s, after 37 years from their introduction.1 
The Stockholm Convention on Persistent Organic Pollutants is an international 
treaty born to protect the human health and the environment, signed in 2001 and 
implemented in 2004.3  The ratifying countries (178 states and the European 
Union) commit themselves to stopping or reducing the usage of the most toxic 
POPs. Among them there were initially  12 classes of compounds (i.e.  chlordane, 
DDT, aldrin, dieldrin, endrin, heptachlor, mirex, toxaphene, PCBs, PCDDs, PCDFs, 
hexachlorobenzene) the phaseout of which has already started in many countries 
since the ‘70s; those chemicals are defined as “historic” or “legacy” both because 
their synthesis started in the first half of the 20th century and also because, 
regardless of the restrictions and bans, they persist in the environment. Alongside 
the “dirty dozen”, in 2009 the Convention recognized and included 9 more POPs 
considered as “emerging” (i.e. PBDEs except congener #209, chlordecone, α- and 
β-HCH, lindane, pentachlorobenzene, hexabromobiphenyl, perfluorooctane 
sulfonic acid, its salts and perfluorooctane sulfonyl fluoride).3
1.1.2.OCPs
Organochlorine pesticides (OCPs) have been developed as early as during World 
World II, constituting the ancient core of the current POPs burden. They have been 
largely employed in agriculture and against the most threatening disease-
spreading parasites, such as mosquitos and lice.3 Concentrations are declining as 
a result of restrictions but their presence in the environment and in living creatures 
nowadays is ubiquitous: residues have been found in Arctic sediments and wildlife 
as well as in various human matrices (hair, urine, serum and blubber) from 
worldwide specimens.4 Their persistence is due both to their stability (e.i. reported 
DDT half life in the environment is 2-15 years) and to their ongoing use in some 
countries.5  For instance, DDT (1,1,1-trichloro-2,2-di(4-chlorophenyl)ethane) is still 
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employed for its effectiveness in the battle for the defeat of malaria, in those 
tropical regions where this illness is still a primary cause of death.3 
DDT exists as different isomers (p,p'-DDT and o,p’-DDT, where only the first has 
biological effects) and it is gradually converted in its metabolites DDD and DDE by 
living organism. While the first can be easily oxidized to DDA (and so excreted in 
urine), the latter is lipophilic and preserves the properties of persistence and 
toxicity  of the original form.1 Since large scale use of DDT has stopped, nowadays 
DDE accounts for the most of the “total DDT”, that is calculated by combining the 
concentration of all congeners and metabolites (∑DDT). Long and short-term 
toxicity  of DDT has been proved and largely documented. In humans it has been 
associated with chronic health effects and increased risk of cancer 1. Food is 
estimated to be the predominant route of exposure to the general population.3 In 
regard to wildlife, the most critical contaminations reported so far have occurred in 
the Baltic Sea area and in the American Northern Lakes ecosystem. DDT has 
been recognized as the primary cause of the reproduction failure observed in fish-
eating birds (eggshell thinning effect) and, combined with PCBs, of the increased 
sterility rate in the Baltic seal population, that was first observed in the early ‘70s. 1
Aldrin, Dieldrin and the numerous respective isomers (e.g. Isodrin and Endrin) 
were also widely  spread organochlorines insecticides. They are two structurally 
similar molecules, made up of twelve carbon atoms and six chlorines, originally 
developed as an alternative to DDT and predominantly employed against 
agriculture pests. They have been proved to have toxic effects on higher animals 
and to persist in the environment. Among them, Dieldrin, unlike Aldrin, cannot be 
easily  broken down by the metabolism and features a much longer half life. 
Chlordane comprehends a set of molecules with insecticide properties chemically 
related to Aldrin and Dieldrin. The commercial mixture figures the  trans- and cis-
isomers, trans-nonachlor and heptachlor (that was also sold as a singular 
product). Endosulfan, HCB and Mirex are also organochlorines pesticides banned 
under the Stockholm Convention and are included in this analysis. Targeted OCs 
are reported in Appendix A.
1.1.3.PCBs
Polychlorinated biphenyls are a group of aromatic synthetic chemicals featuring 
versatile applications in many industrial products. Historically they have been the 
second major group of POPs to be targeted by environmental researchers, 
successive only to DDT. They were firstly  detected in the environment in the 
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mid-1960s by Sören Jensen, a young Swedish researcher. Jensen was studying 
the presence of DDT in human and wildlife blood, when he encountered signals of 
some chemically similar but unidentified compounds. The initially unknown 14 
peaks, obtained through a primitive mass spectrometer, were officially  identified as 
PCBs in 1966, 37 years after they were introduced on the market.1 In fact 
polychlorinated biphenyls have been produced on a large scale since 1929 to be 
employed as dielectric and heat exchanger fluids in transformers and capacitors, 
or as additives in plastics (plasticizers), paints, construction materials and 
carbonless copy paper. Like OCPs their handling has stopped in most of the world. 
Though, objects containing PCBs are still of current use or difficult to replace (e.g. 
materials that are structural parts of buildings) and their degradation is regarded 
as a future and constant route of input in the environment.
Figure 1. PCBs general structure
PCBs consist in two conjuncted benzene rings in which a variable number of 
hydrogen atoms have been substituted by  chlorines (Figure 1). There are 209 
possible compounds that match this description and fit the general formula C12H10-
nCln, only 130 of which have been identified in commercial products. Nevertheless, 
non-marketed congeners can also occur in the environment, as the product of 
degradation or successive reactions: when PCBs-hosting objects encounter fire, 
the composition of the released chemicals can vary from that of the original 
mixture. 6  Toxicity, persistence and accumulative potential are different for each 
congener and vary according to the degree of chlorination. Lipophilicity increases 
linearly with the number of chlorine atoms. As a general rule, the more chlorinated 
structures are more persistent, more fat-loving and less likely to be excreted by 
living tissues. For all these reasons they are the most abundant in the environment 
and in the blubber deposit of marine mammals. Surprisingly  the bioaccumulation 
risk inverts at the highest stages of chlorination (over 6 chlorine atoms) when the 
increasing steric effect becomes an obstacle for the penetration of the molecule 
through the cell membrane. The limited uptake efficiency, together with their 
reduced water solubility, makes the top chlorinated species less bioavailable in the 
marine environment. Persistence is also dependent on the relative position of the 
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chlorine atoms in the molecule: congeners with one or more chlorines in ortho 
(position 2, 2’, 6 or 6’) are significantly more stable. This impacts both the 
proportions in the manufactured mixtures and the evolution of them in the 
environment, where ortho-chlorinated congeners end up  dominating1. Low 
chlorinated ones are more volatile, and prevalent in filtered air, while aerosol and 
rainfall are richer in the heavier species.6 Atmospheric transport is the major path 
for the global redistribution of PCBs, as a whole class. Concentrations found in 
closed environments are higher than in outdoor air. Nevertheless food is still 
regarded as the most significant source of intake for humans.3 PCBs are known to 
be toxic to fish (lethal at high doses) and have been linked to immune system’s 
deficiencies, cancer-associated mortality  and reproductive impairments in several 
species of marine mammals.3, 7  Differences in toxicity  between PCBs congeners 
are not as linear as their chemical physical properties, and would deserve a  more 
complex explanation. Like dioxins-related compounds, their effect depends 
primarily on the efficiency of binding to the Ah-receptor: biphenyls that present 
chlorines in both the para positions and at least a meta substituent, but lack the 
ortho substituent can be up to 1000 times more effective than the rest of the family. 
On the other hand, as seen, the chlorine in the ortho is responsible for the 
persistence of those chemicals in tissues and thus the overall impact of two 
different structures are hard to estimate.1 The combination of the different 
pollutants acting simultaneously must be considered when evaluating toxicity, as 
synergic or antagonist effects are not unusual. Targeted PCBs can be found in 
Appendix A. 
1.1.4.PBDEs
Even though regulatory actions on industrial POPs have been taken, the usage of 
plastics and petroleum-derivates never declined, keeping high the request for 
novel chemicals to be used as additives. Some of these newer substances have 
turned out to be dangerous contaminants, while others are just starting to be 
regarded as possible or future threats. Those newer molecules that have been 
identified as fulfilling the criteria of a POP chemical, are defined as “modern”, not 
just because their discovery is relatively recent, but because, unlike PCBs or 
OCPs, their concentration in the environment does not appear to follow a negative 
trend. For instance, in the last decade brominated flame retardants (BFRs) 
experienced an unprecedented demand from the market. Nowadays their 
presence has been documented in  Arctic and Antarctic sediments and biota, 
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confirming that they are ubiquitous xenobiotics able to reach even the most remote 
areas of the planet.8, 9  In 2006 their input in the Baltic region through atmospheric 
transport was estimated to exceed that of PCBs by a factor of almost 40 times.10
 Most of synthetic polymers are by nature highly  flammable and since they 
surround us, especially in indoor environments, their presence in our daily life 
constitutes a critical hazard. This issue has been fixed by adding to the material 
composition some molecules that feature flame retardant properties. There are 
different classes of compounds (i.e. minerals, organophosphorus and 
organohalogens), acting according to different possible mechanisms, by which the 
flammability of an object can be reduced. Some molecules, when exposed to high 
temperature, decompose by endothermic processes; others by decomposing can 
release vapors (e.g. water, carbon dioxide) that play a dilution effect on the 
combustible gasses (oxygen); certain compounds are able to create a non-
flammable, or insulating, front that shields the unburned part of the object; 
brominated flame retardants inhibit the propagation of the combustion by  capturing 
the oxidizing radicals that are responsible for the propagation of the fire (radical 
quenching).11  More in details, they react with hydrogen (H·) and hydroxyl (H·) free 
radicals, releasing more stable chlorine (Cl·) or bromine (Br·) free radicals. 
Polibrominated diphenyl ethers (PBDEs) have a great efficiency-cost ratio as well 
as an excellent affinity with plastics. Thanks to their similarity with petroleum 
derivates they can easily be blended in the hosting material. They also feature a 
convenient breakdown temperature: many hydroxides and hydrates may 
unconveniently decompose at temperatures that are too low and would interfere 
with the processing of the polymer.12  PBDEs have been produced in bulky 
quantities and embed in furnitures, textiles and electric equipments (from 5 to 30% 
in weight). They where firstly detected in the ‘80s, but their capacity to persist in 
the environment and to bioaccumulate in living organisms has come to light just 
recently. An escalating number of studies has popped-up during the last decades 
and some quality  reviews have made an attempt to clarify the origin, potential 
impact, spatial and temporal trends of PBDEs and other contemporaneous BFRs. 
8, 10, 13, 14, 15
Figure 2. PBDEs general structure
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PBDEs consist of two aromatic rings connected by an oxygen atom and containing 
two to ten bromine atoms. They are very akin to PCBs, with whom they indeed 
share some structure-related properties. The first analogy between the two 
families is that they are both made up  of 209 possible congeners. For PBDEs a 
very  limited number of them has been detected in the environment. The main 
congeners are those constituting the three mixtures through which PBDEs have 
been commercialized: PentaBDE, OctaBDE and DecaBDE. The Penta-mixture is 
made up of tetra- (BDE-47), penta- (BDE-99, -100) and hexa-BDE (BDE-153, 
-154) congeners; in the Octa-mixture, hexa- (BDE-153, -154), hepta-(BDE-183) 
and octa-BDE are the prevalent components. 16  As highlighted for PCBs, the 
lowest-halogenated congeners result more volatile and less lipophilic. Tetra 
brominated BDE-47 is 3 orders of magnitude more water soluble than the fully 
brominated BDE-209. For this reason lowest brominated congeners result 
extremely more prone to undergo long-range transport and to be absorbed by 
living organisms.12 Under these observations, the Penta- and Octa-mixtures have 
been subjected to strict regulations earlier than the Deca-mixture. They were 
banned in California in 2003, in Europe and Norway in 2004, and their main 
congeners are listed under the Stockholm Convention since 2009.3, 8, 12, 13 
Regardless of the phase out in most of the industrialized countries, BDE-47, -99 
and -100 are by  far the most abundant in water, air and biota samples. They have 
been assessed in several species of fish, birds (tissues and eggs) as well as in 
marine mammals, including Antarctic seals and deep-feeding even cetaceans 
such as Sperm Whales.10 In a recent study, Dietz et al. tried to trace the temporal 
trend of BFRs in East Greenland polar bear by comparing a set of 294 blubber 
samples covering the period 1983-2010.15 BDE-47, -99 and total (∑PBDE) 
concentrations resulted to peak during the years 2000–2004, without showing any 
significant decrease later on. BDE100, BDE153 showed no signs of decline during 
the whole investigated period. The values seems to reflect with extreme precision 
the changes in the North America emissions. The same results are dissonant with 
Law et al. study, where 415 harbor porpoises from the UK were analyzed for the 
period 1992–2008.17  The latter data suggested that ∑PBDE concentration peaked 
around 1998, after which a highly statically significant decline (-67.6%) was 
observed. 
The Deca-mixture consists primarily  in the fully brominated BDE-209 (>97%). 16 
Decabromodiphenyl ether has been found to accumulate at high concentrations in 
dust, sludge and water sediments. As it is poorly  volatile, his transport is 
associated with dust and air particles. Its concentration in sediments is found to 
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rapidly decade by walking away from the source.12 However its recent detection in 
remote sediments is keeping open the debate around its capability  to undergo long 
range transport. BDE-209 was also believed to be unable to bioaccumulate in 
biota due to the low concentration in marine water and to the metabolic capacity of 
some fish to break it down.17 Nevertheless, Thomas et al. demonstrated the 
capacity of seals to absorb BDE-209 through diet supplements and studies that 
documented its presence in some species of fish have also been published.10, 18  
Laboratory exposure of highest brominated PBDE to UV light, have shown a 
tendency to degrade into a pattern of congeners not related to any of the 
commercial mixtures. Nevertheless the same results could not be replicated on 
BDE-209 stored in natural sediments, leaving unknown the environmental 
significance of this process.12 PBDE are know to have toxic effect on mammals, 
including  neurological damages, endocrine disruption and immuno-suppression.12, 
13, 19
Targeted PBDEs can be found in Appendix A. BDE-209 has been excluded from 
the results, due to the uncertainty associated with its analysis. Due to the low 
concentration expected in biota, the sensitivity to light and heat and the possibility 
of hight and variable background levels, its detection would require special 
attention throughout the preparation or inter-laboratory repetitions to be asserted.20
1.2.Thesis’s Aims
Regardless if released in the atmosphere or on the land, POPs are eventually 
dragged, by redeposition and riverine runoff, to open seawaters. Air and ocean 
currents offer to the contaminants an highway to worldwide redistribution, while 
marine organisms become their privileged repository. Their high persistence in the 
environment makes these man-made molecules susceptible to long-range 
transport and leave them the time to fractionate between different matrices, among 
which the adipose tissue of biota is shown to be the most suitable. 
Organohalogens emitted by  industrial countries can nowadays be found in 
sediments, wildlife and humans all around the globe, with no exception for the 
highest latitudes. Even if extremely low concentrations of synthetic chemicals are 
expected in a place as uninhabited and remote as Antarctica, both the geographic 
poles of earth have become the sink of the global pollution. As lipophilic semi-
volatile compounds, POPs that enter the Polar regions condensate, deposit and 
are absorbed in a lipid-based food chain. Antarctic predators that sit at the highest 
trophic levels, such as sea birds and marine mammals, are found to accumulate 
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elevated concentrations of these toxic chemicals. This work focuses on  the 
Southern Ocean humpback whale (Megaptera novaeangliae) as a monitor of 
Antarctic ecosystem contamination.
1.2.1.The threat of POPs to cetaceans
Cetaceans are particularly  susceptible to the bioaccumulation of POPs as a result 
of their long life span,  high proportion of adipose tissue in the body mass and 
limited metabolic capacity  to breakdown or to excrete them.21  The thick blubber of 
marine mammals that evolved as an important apparatus for energy storage, 
buoyancy and thermoregulation, is estimated to account for the 70-90% of the total 
OHCs body burden.22 
For both practical and ethical reasons, the toxic impact of POPs on cetaceans can 
not be assessed directly through a dose-response approach. This is not an 
unusual scenario whereas we think that direct human risk assessment is rather 
limited. Since the first rising of concern, the relationship  between organic pollution 
and marine mammal’s health has been investigated through epidemiological 
studies. In other words, even if it is not possible to expose the animal to a certain 
compound (or to a mixture) and to report the relative effects, a suspected 
xenobiotic can be measured in specimens affected by plagues or involved in large 
mortality events and compared with the concentration observed among the 
average population. In this optic, strandings of marine mammals represent a 
unique circumstance for the collection of tissue. Blubber and skin biopsies from 
free-ranging cetaceans are also logistically  possible and have constituted the 
basis of many studies so far. 23 , 24, 25, 26, 27 , 28  A risk assessment model for marine 
mammals can also rely on data collected through surrogate species concentration-
response studies or through in vitro experiments. Commonly used surrogated 
species are, as for humans, other mammals such as rats, minks or even monkeys, 
that for what concern reproduction,  offer a comparable single-offspring model. 29In 
vitro experiments mostly focus on immune function mechanism response, 
stimulated on cells or metabolites (e.g. fibroblasts, leucocytes, liver cells) 
belonging to the target species. 30 Thanks to this multidisciplinary approach it has 
been possible to demonstrate that the accumulation of POPs likely have 
detrimental consequences on marine mammals health. The toxicity  endpoint 
attributed to POPs burdens are varied and nueromerous. Many fall under the 
groupings of depression of the immune response and disruption of the endocrine 
system (with consequent alteration of the reproductive capacity and early 
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development).31 For instance, OCs and PBCs burdens have been associated with 
an increased susceptibility to infectious diseases in striped dolphins, harbor 
porpoises and finless porpoise. 32 , 33 , 34  Organochlorines pesticides and flame 
retardant’s presence has been correlated with endocrine dysfunction in several 
species of cetaceans. 21, 35  During a surrogate study for Polar bears, sledge dogs 
were fed with contaminated blubber of minke whale from Greenland to 
demonstrate the biomagnification risk to which top predators are subjected; severe 
thyroid malfunctions that emerged in the dogs were in fact found to be correlated 
to the concentrations of certain OCs and PCBs.36  High levels of POPs have also 
been associated with skeletal alteration, tooth loss and increased incidence of 
cancer. 37 , 38  Several studies have observed disorders in sexual hormones 
concentration and have suggested an association with POPs levels. For instance 
a negative correlation between DDT and testosterone in blood has been 
demonstrated in Dall’s porpoise.22 PCBs and dioxins stimulate the production of 
non-specific detoxification enzymes. A variety of cytocrome P450 enzymes, an 
important family of detoxification enzymes, has been detected in different 
cetaceans, among which humpback whales, and correlated with the blubber 
concentration of OCP. 39  There is reason to believe that a overactivity of the latter 
metabolites can led to the unwanted breakdown of sex hormones.1 Another 
plausible explanation to sex-hormones depression is that DDT, PCBs and their 
metabolites may be able to bind to such hormones or receptors and hinder the 
transport and interaction mechanism. Some cases of hermaphroditism observed in 
beluga whales have also been attributed to exposure to xenobiotics at the earlier 
stages of development.22 While the endocrine-disrupting effect of OHCs is widely 
recognized, the impact on reproductive success and population dimension still 
lacks of evidence to be assessed. Although most of these studies are not 
conclusive, the information collected are extremely important for the understanding 
of the exposure dynamics of such a susceptible family as that of cetaceans, for 
which very little is known. 
1.2.2.Migration and fasting of the Southern Ocean  
Humpback whale
Humpback whales (Megaptera novaeangliae) are large (14-17 m) and long-lived 
Mysticeti, or baleen whales, found in all oceans. They are a highly migratory 
species, characterized by a seasonal feeding and reproductive behavior: they are 
shown to feed only from spring trough fall at high- and mid- latitudes and, during 
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the winter,  to migrate toward tropical oligotrophic regions, where they reproduce. 
40, 41  In doing so, humpback whales annually undertake what is known to be the 
longest mammalian migration journey (up to 10’000 km). 42 , 43 , 44  Wintering in 
warmer waters seems to have evolved as a way to improve reproductive success 
and energy  conservation, even if it comes along with a long period of fasting, 
during which the whales only  rely on their fat reserves.43 Photographic archives 
and mitochondrial DNA analysis have revealed the high fidelity of individuals to 
specific feeding grounds and to relatively distinct breeding stocks.44, 45 , 46  For all 
these reasons, humpback whales can be seen as a bioindicator to assess the 
presence of POPs, as well as monitors for the quality of the food chain of 
particular oceanographic areas.23, 39 Specifically, blubber contamination profiles 
seem to reflect the pollution patterns of the specimen’s feeding ground. 23, 24, 25
 Figure 3. Humpback whale; the common name Megaptera comes from the Greek “mega” and 
“pteron”, meaning “giant wings”; it refers to the prominent flippers that are the distinguishing feature of the 
specie, in addition to his frequent acrobatic behavior; novaeangliae derives from latin and indicates the origin 
of the first described specimens, New England; 40
Consistent with the fact that industrial activities have historically been 
concentrated in the northern hemisphere, North Pacific and North Atlantic 
humpback whales carry  higher contamination levels, barely comparable with 
individuals ranging in the Southern hemisphere.25, 26 The proximity of the northern 
feeding grounds to the coasts of California, Canada and Europe, that are direct 
sources of input for pollution, should be regarded as a contributing factor to this 
discrepancy.25 Contrary, Southern hemisphere humpback whales forage in the 
prey-rich seas surrounding Antarctica, euphausiids being their major food source. 
47, 48  The primary  environmental source of POPs in these food webs is long range 
transport from diffuse hemispheric sources. Antarctic krill (Euphasia superba ) is 
not just the main prey for humpback whales, but should also be regarded as a 
“keystone” in relation to the Antarctic food chain, meaning that it supports an 
abundance of predators that would disappear in the absence of the species.49 
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Analyzing the whale blubber puts us in a unique position of observing the 
pollutants magnified through the Antarctic food chain. Bioaccumulation factor for 
humpback whales feeding on Antarctic krill, has been measured by this same 
research team in a previous work: values observed for a selected group  of PCBs 
and OCs are found to vary consistently among the different compounds and range 
from 1.0 (o,p’-DDD) to 46.0 (heptachlor).23 
Although the International Whaling Commission (IWC) has identified seven distinct 
humpback whales breeding stocks in the southern hemisphere, a very limited 
number of studies actually targets these populations.50  Additionally  to the 
interesting link between this particular family  of cetaceans and Antarctica, these 
data are important for what concerns the conservation of population, whose 
chemical risk may be underestimated from their trophic position alone . 23 Baleen 
whale which forages by filtering water, are attributed to a lower trophic level than 
the toothed whales and thus subjected to a lower intake of contaminants.29 
Nevertheless the chemical risk assessment should take into account the extreme 
fluctuation in the fat mass associated to migration and reproduction. Previous work 
from this research team has estimated a seasonal weight lost of 13% over 4 
months of a migration journey that can last up  to 9.23 Burning of fats cause re-
mobilization of POPs that were stored in them. The comparison between POPs 
values measured in individuals swimming northward (from Antarctica to the 
breeding grounds, presumed in good nutritional condition) and those exhibited by 
animals at an advanced stage of the migration and fasting (swimming from the 
breeding grounds back to Antarctica) have displayed a considerable concentration 
effect.23 Furthermore, the younger stages of development are known to be the 
most critical for the exposure to xenobiotics. As it occurs for other mammalians, 
also whale calves receive their first and consistent burden of POPs through 
lactation. Humpback whales are single-offspring of a capital breeders with females 
giving birth to a unique calf and finance their pregnancy and early months of 
lactation by relying only  on their fat reserves. Embryos and new-born calves may 
therfore be particularly vulnerable.
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Figure 4. Satellite image (Google 2013 ©) of Australia, New Zealand and part of the Antarctic 
continent. Point B  indicates the sampling site while the orange represents the annual migration undertaken by 
B1 humpback whales;
1.2.3.Objectives
The object of this study is to provide current data about the presence of historic-
use organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), and , for 
the first time, polybrominated diphenyl ethers (PBDEs) in Southern Ocean 
humpback whale. PBDEs have been detected in humpback whales feeding in the 
North Pacific and North Atlantic.25 The highest concentrations were found in 
specimens ranging in the Gulf of Maine, Canada (∑PBDE = 800-900 ng/g, lipid 
weight) and   out of the Californian coast (∑PBDE = 5010 ng/g, lipid weight). The 
same contaminants were not detectable in the northern regions of the Pacific 
Ocean. No PBDEs data are available for Southern Ocean humpback whale, for 
which this study represents a first quantification attempt. This study builds upon 
previous team work which has monitored OCPs and PCBs in the target population 
of whales since 2007 and the values we will contribute toward temporal trend data. 
These data are although not limited to watch over the level of contamination of this 
specie. Blubber from a long-lived predator as humpback whale is a precious mirror 
over the state of the Antarctic marine food chain.
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1.3.Analysis of POPs in the marine environment 
Surveillance of POPs in the marine environment demands highly selective and 
sensitive methods. Organohalogen compounds mostly occur in natural matrixes 
(i.e. air, water, sediments, biota) at extremely low concentrations (trace analysis) 
and in the form of complex mixtures (together with a large number of interfering 
substances). Being lipophilic, POPs are easily absorbed and retained by the 
adipose tissue of biota, that consequently show relatively high levels compared to 
the surrounding environment. Accumulation occurs preferentially in lipid rich 
organs such as blubber,  liver 51  and brain 52 .  Although blood and various tissues 
biopsies can be  taken micro-invasively from certain species of marine mammals 
(seals, manatees and polar bears) 15, 53 , blubber and skin represent the only 
specimens through which free-ranging cetaceans can be monitored. Gas 
chromatography, coupled with ECD or MS, guarantees high resolution for the 
discrimination of mixtures of semi-volatile organic molecules, nevertheless it 
requires the pre-treatment of the sample, in order to eliminate the biological matrix. 
A selection of the most recent studies dealing with the analysis of organochlorine 
and organobromine POPs in blubber, as well as two reviews on the subject, 54 , 55 
are examined in this paragraph. The fundamental steps of the analytical procedure 
and some applications of the various techniques are summarized at the end of this 
chapter (Table 1). 
1.3.1.Blubber pre-treatment
Targeted analytes must be extracted from the adipose tissue and separated by the 
lipid phase. Initially, samples are homogenized with Na2SO4. This operation, 
largely preferred over freeze-drying homogenization, is necessary in order to dry 
the biopsy and to make a larger portion of surface accessible to the solvent. The 
fine powder that results from this step is subjected to solid-liquid extraction. 
Whether non polar organic solvents, such as n-hexane or pentane, are the best 
medium for triglycerides solubilization, slightly  polar (binary) solvents (e.g. 
dichloromethane, acetone, toluene, ethylacetate or mixtures that include the 
previous ones) perform better with complex biological samples.54 Extraction can 
be simply performed on a cold glass column; however enhanced efficiency can be 
achieved by  microwave (MAE) or sonication-assisted devices. Soxhlet extraction 
(SE) is also a cost-effective and well established method for trace analytes as it 
allows the handling of substantial deal of sample at the same time. Although 
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soxhlet is still the method of choice for air and sediments, it generally  involves 
large amounts of solvent who are disadvantageous especially  in the case of small 
biopsies. Pressurized liquid extraction (PLE or PFE for pressured liquid extraction; 
also commercialized under the name of ASE for accelerated solvent extraction) is 
a modern technique that has gained much recognition in the last decade. PLE 
allows the extraction to be performed in conditions of controlled temperature and 
pressure. The solvent diffusion coefficient is enhanced by increasing the 
temperature and consequently  regulating the pressure to keep the solvent in the 
liquid state. 55 At parity  of perfomances, the volume of solvent employed and the 
time of the process can be significantly cut. Although an increasing number of 
studies features PLE, the initial cost of the instrumentation still represents the 
major limit to its adoption. Wang et al. 56  evaluated the performances of MAE, ASE 
and SE in extracting PCBs and PBDEs from fish tissue, with the first two 
techniques resulting in comparable efficacy. All the mentioned extraction 
techniques -except PLE- are not selective: together with the analytes, lipids, fatty 
acids and other potential interferences are also carried along the procedure. When 
OCPs, PCBs and PBDEs are simultaneously targeted, gel permeation 
chromatorgraphy (GPC) is most frequently employed as clean-up  procedure. Acid 
treatment (sulfuric acid) or saponification efficiently remove matrix residues, but 
are destructive to certain organic pesticides, high chlorinated PCBs and HCBs. 54 
However some lipid related molecules (i.e. sterols), electrolytes and eventual 
residues of fatty acids can still be present after GPC, and make further clean-up  by 
alumina oxide, silica gel or florisil are necessary. Selective pressurized liquid 
extraction (SPLE) is obtained by filling the extraction compartment, that would 
usually contain only the sample, with the sample and the sorbent used for the 
clean-up (e.g. silica). SPLE technology incorporates the clean-up in the extraction, 
avoiding multiple purification steps and exchanges of solvents. 
According to the characteristics of the instrument chosen for the detection, PCBs, 
OCPs and PBDEs can either be kept in a unique mixture or separated previously 
to the analysis. The fractionation is usually performed by solid phase micro 
extraction (SPME) and can possibly  serve as an additional clean-up. OCPs can be 
separated by PCBs by taking advantage of the affinity of the first group for slightly 
polar solvents (e.g. n-hexane: diethyl ether; 85:15). Though, HCB and DDE are 
chemically more akin to PCBs; together they can be eluted with n-hexane or n-
pentane only. 54 PBDEs extract is not decomposed by acid treatments and can be 
in case be cleaned-up with sulphuric acid.
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1.3.2.GC-MS/GC-ECD
Chromatographic separation of POPs is performed on non-polar to slightly polar 
capillary column with He or, in particular, H2 giving the best resolution results. 
Mass spectrometry  (LRMS, HRMS and MS/MS) is predominantly employed, either 
in EI or ENCI mode. ECD detector provides high sensitivity  and robustness even 
though it implies particular attention during the sample pre-treatment to avoid 
misidentification.  
Table 1. Overview on the fundamental analytical steps for the analysis of OCPs, PCBs and PBDEs 
in biota;  some examples in literature are given 7, 23, 57, 58, 59, 60
25
GC-Detection
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GC-Detection
(PBDEs)
MS
Mode
(Organochlorine)
ENCI
9,23, 58, 60
ECD
7
Mode
(PBDEs)
EI
9, 23, 57, 58, 59
NCI
57
MS
ENCI
59, 60
EI
9, 23
NCI
57
Na2SO4Homogenization Na2SO4 +DCM
Extraction PLECold column
Clean-up
Soxhlet
SPLE
Al2O3/silica
9, 23, 57, 58, 59
mix/centrifugue
9, 57, 59
SPE SEC/GPC 
57, 597, 9, 23, 57, 60
 5823
7, 23
Acid Silica(H2SO4) 
58
7
n-hex+DCM
60
7, 60
2.Material and Methods
2.1.Sampling
2.1.1.Whale Blubber
Blubber samples were collected from 25 free-swimming humpback whales during 
their late migration journey in September/October 2013. The whales were 
travelling from North to South, passing through Moreton Bay Marine Park, North 
Stradbroke Island, Queensland, Australia, where the sampling took place. The 
biopsies are obtained by shooting the whales  from a 6 meters aluminum vessel 
with a modified 0.22 calibre rifle (Paxarm, New Zealand) equipped with floating 
darts. The cutting heads of the darts were 2.5 cm length x 0.7 cm diameter, 
resulting in biopsies of roughly the same dimension. The blubber was taken 
predominantly from the dorsum and caudal to dorsal fin region, where the fat layer 
is suggested to be thicker.61  While tracking a whale, data regarding the number of 
individuals forming the pod, the eventual presence of calves or observable 
competitive behaviour, are recorded. Confirmation about the gender of the whale 
is obtained by DNA analysis.62  The possibility of re-sampling the same individual is 
excluded by the migratory characteristic of the journey, that lasts, rarely 
uninterrupted, up to 6 months. However, in case of pods constituted by  several 
individuals, the number of biopsies collected never exceeds the half of the number 
of the specimens of the pond; a suspected re-sampling is subjected to extra 
observation during the release of the respective analysis outcomes (eg. gender 
and concentration of the pollutants). 
Figure 5. Satellite image (Google 2013 ©) of Brisbane (left) and zoom on Moreton Bay Marine Park, North 
Stradbroke Island (right);
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Upon the collection, the blubber was separated from the skin and stored in 
furnaced amber glass, manteined on ice until transfer to a freeze where samples 
were stored at -20 C° till time of analysis. 
Additionally, 2 free-ranging individuals sampled in Antarctica and 6 stranded 
animals were included in the analysis. The biopsies of the Antarctic specimens 
where collected by the Australian Marine Mammal Centre during the 2012-2013 
expedition, by the same modalities described above. The samples from the 
stranded animals, instead, have been collected during different and uncorrelated 
stranding events occurred during the course of 2010 and 2012 along the coast of 
Queensland. All the humpback whales involved in the analysis can be therefore 
attributed to the same breeding population, classified as E1 by  the International 
Whaling Commission  (IWC). Humpback whales form only  transient pods, rarely 
travelling in groups of more than three individuals and so they are not prone to 
large stranding events. When a individual gets the coast, it is often the case of an 
animal already deceased, or death occurs inevitably soon after. Hence these rare 
events allow the collection of more consistent portions of tissue. The analysis of 
those animals has been performed on biopsies ranging from 0.7 to 4 g.
 
Figure 6. A dart filled with a biopsy (left); approaching a whale (right);
2.2.Reagents and standards
2.2.1.Reagents
All the solvents employed during the blubber extraction and clean-
up  (dichloromethane, ciclohexane, methanol, toluene, n-hexane, t-
butilmethylether, ethyl actetate) were SupraSolv, for gas chromatography by Merk 
KGaA (Germany). Diethyl ether (CHROMASOLV®, for HPLC, ≥99.9%, inhibitor-
free) was purchased from Sigma Aldrich (USA). Other reagents as alumina oxide 
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and silica gel(60, 0.063-0.200 mm) were purchased from Merk KGaA (Germany).
The solvent used at NILU (n-hexane and isoctane) were PESTINORM purity, 
purchases from VWR (Germany). 
2.2.2.Standards
As internal standard for the analysis oF PCB, DDT/HCH and pesticides was used 
a mixture of isotopic labelled components in nonane/isooctane containing: 
13C PCB (28, 52, 101, 105, 114, 118, 123, 138, 153, 156, 157, 167, 180, 189, 209), 
13C  HCH  (α-, β-, γ-, δ-), 13C  p.p.DDE, 13C  o.p.DDD, 13C  p.p.DDT, 
13C  Pentachlorbenzene-PeCB, 13C-HCB, 13C Nonachlor(trans-, cis-), 13C 
Chlordane(trans-, cis-), 13C Oxychlordane, 13C Heptachlor epoxid, 13C Heptachlor, 
13C Dieldrin, 13C Mirex, 13C Dechlorane plus syn, 13C Endosulfan (I, II, sulfate), 
13C Aldrin, 13C Endrin, 13C  Isodrin and D14 Trifluralin; as internal standard for the 
quantification of PBDEs was utilized a mixture of 13C labelled components in 
isooctane containing: 13C BDE(28, 47, 99, 153, 183, 209). Unlabelled 1, 2, 3, 4-
tetrachloronaphthalene(TCN) is used as recovery standard.
2.3.Sample preparation: Whale Blubber
2.3.1.Extraction 
Samples were manually homogenized with a mortal and pestle with an amount of 
Na2SO4 ranging from 4 to 6 times the biopsy mass. In the operation the collagen 
shell of the blubber is cut by  using a scalpel. Samples are then stored in -20 
freezer for at least 2 hours. The extraction is performed on a glass column ( ⌀ 15 
mm) at room temperature with 150 mL of cyclohexane/ethyl acetate (1:1). Some 
drops of isooctane,as a keeper, are added in the collector vial.
2.3.2.Clean-up
The extract is reduced to 0,5 mL in a Büchi evaporator and the solvent is 
exchanged to dichloromethane. The extract is then filtered through a syringe teflon 
filter (0.45 um) and diluted to 8 mL. Of those, 7.5 mL were cleaned by Gel 
Permeation Chromatography (GPC) chromatography to separate the lipid 
component and other unwanted organic fractions. The instrument, AccuPrep and 
AccuVap FLX GPC, operates at a flux of 4.6 mL/min and each course lasts for 26 
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minutes. The fraction between 10 and 15 minutes are collected, resulting in a 
volume of circa 50 mL, that is evaporated and exchanged to hexane. The extract 
undergoes two more purification steps: alumina  and silica chromatography.
A 30 g alumina bed is cleaned and preconditioned with circa 100 mL of hexane. 
The sample is carried on the column in 50 mL hexane and eluted with 35 mL of
methyl ether/hexane(1:1).
Figure 6. Method overview;
 The silica chromatography is performed with 4 g of 10% deactivated silica packed 
on a glass column. The column is conditioned with 30 mL of pre-cleaned diethyl 
ether/hexane(1:10) and the extract is eluted with a second portion of the same 
solvent.Figures 6 reports a general view of the the sample preparation.
Sex and fat determination, was carried out at the  Australian Marine Mammal 
Centre (AMMC). Lipid analysis was performed through a partner project at the 
Commonwealth Scientific and Industrial Research Organization (CSIRO), Hobart. 
Lipid percetage was determined by extracting, in parallel, a portion of the total 
biopsy according to a Blight and Dyer 63 modified method. 64
2.4. Instruments
2.4.1.GPC
The instrument used for removing the lipid component from the blubbler samples 
is a  AccuPrep  and AccuVap FLX GPC Pesticide Residue System by J2 Scientific 
(USA). It is equipped with a Envirogel GPC Clean up (19 x 300 mm; styrene 
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divinylbenzene copolymer particles; particle size of 15 µm) and a guard column 
(4.6 x 30 mm) featuring the same properties. Dichloromethane (Suprasolv, Merk) 
is  used as mobile phase. The instrument operates at a flux of 4.7 mL/min and an 
average pressure between 350 and 450 psi. Each course lasts for 20 minutes; and 
it is collected the fraction between 9 and 15 min, that is the one proven to include 
all the classes of the investigated analytes.
GPC (Gel Permeation Cromatography) is a type of chromatography that separates 
the analytes on a size basis: number of atoms and steric effects. The static phase 
consist in a porous polymer(gel) that can be permeated by those classes  of 
molecules that can fit the pores size. Such compounds are subsequently  lead to 
complete a longer path. Bulky molecules(in this case the lipids) can not go through 
the gel and are eluted beforehand. GPC elution time-sheets for the major classes 
of targeted compounds are reported in Appendix B.
2.4.2.GC-MS
Gas chromatography  is the method of choice for complex mixtures of POPs 
because of its exclusively  high resolution. The investigated compounds are highly 
to semi-volatile molecules, therefore the extracts do not require any derivatization 
or additional preparation to be quantified. The analysis is performed under four 
different methods, described by Halse et al. 65, targeting respectively OCPs, PCBs/
HCB, DDT/HCH and PBDEs (Table 2).
Table 2. GC-MS Instruments;
Three different instruments, all of them combining an Agilent 6890 gas 
chromatography device with an high resolution Autospec/Waters or Agilent double 
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focusing mass analyzer. Magnetic sector mass spectrometers feature high 
resolution, sensitivity and reproducibility, resulting in great quantitative 
performances. The double focusing device consists of an electrostatic analyzer, 
followed by a magnetic sector. The magnetic sector can act as an active mass 
analyzer imposing to the ions, that arrive with a certain velocity, a magnetic field 
that results  in a perpendicular acceleration. So doing, the ions are led to follow the 
trajectory of an arc, the radius (r) of which depends on their mass  (m),  velocity 
(v), number of charges (z) and strength of the magnetic field (H). 
(1) mv/r = zHev
Since the magnet allows the breakthrough of only those ions that are deflected by 
a certain radius of arc, we can assume r to be constant. Being able to vary H, a 
magnetic sector alone will separate ions according to their mass-to-charge ratio 
(m/z). However, ions leaving the ion source do not all have exactly the same 
energy,  and therefore do not reach the sector with exactly  the same velocity. In 
the case of electronic ionization (EI), as such, the spread of energy can be as high 
as 1 volt, that is enough to obtain a blurred image at the collector. In order to 
achieve the highest possible resolution, an electrostatic analyzer is set between 
the ion source and the magnet.   The combination is designed such that these ions 
of different energies (featuring the same mass) reconverge at the collector. The 
electrostatic sector focuses the ions according to their kinetic energy: 
(2) zeV = 1/2 mv2
where V is the accelerating potential. Like the magnetic sector, the electric sector 
applies a force perpendicular to the direction of ion motion, and therefore has the 
form of an arc (Figure 7). 
Figure 7. A magnetic sector (A), an electrostatic analyzer (B) and the combination of the two in a double 
focusing device (C);
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By combining equations 1 and 2, we are able to derive equation 3, that gathers all 
the affecting parameters.
(3) m/ze = H2 r2 /2V
Seeing as the magnetic field needs more time to be adjusted, the instruments 
operates by switching between a defined sequence of magnetic field values. For 
each of these values (H is fixed) the accelerating potential is scanned to obtain the 
spectrum of the ions of interest. The selected molecular ions are collected on a 
conversion dynode and transformed in an electron cascade that is detected by a 
photomultiplier. 
The chromatographic separation is performed on non-polar capillary  columns . For 
each of the four classes of compounds different elution conditions are applied 
(Table 3).
Table 3. Chromatographic parameters;
Almost all the programs figure splitless injection that is classically  preferred for 
trace analytes, as it maximize the s/n ratio. That is not true for PBDEs analysis, 
where a PTV is chosen in order to remove the solvent and to enhance the 
sensitivity. PBDEs separation is indeed achieved through a quite short column (15 
m), that might be otherwise particularly prone to matrix or solvent interferences.
Perfluorokerosene (PFK) is used as a reference for the mass calibration. In fact 
PFK, either in chemical or electronic ionization, gives a wide combination of 
fragments with m/z ranging from 18.01 to 1016.94. The quality of the analysis is 
assured by running a standard solution every five samples. Also, two blank 
solutions are routinely  analyzed at the beginning and at the end of each set of 
samples.
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3.Results and discussion
3.1.Lipid content
The whole data collection is below reported. Values for each pollutant are shown 
as the average of the whole batch of samples, not taking into account the 
subgroups described in chapter 2.1.1 (Table 4). Concentrations found for the wet 
samples are normalized on a lipid basis and expressed as ng/g or pg/g (lipid 
weight). Blubber is a complex matrix and the relative abundance of fat, water, and 
proteins may  vary according to age, sex and nutritional condition of the animal. 
Lipid percentages are known for N08 (average 48,9%; range 42,1-62,1%) and S13 
(average 51,2%; range 32,7-67,4%) samples. For the stranded whales and the 
Antarctic ones, an approximate value of 50% lipid is applied, as a midpoint 
between the fluctuations registered along with the northward and  southward 
migrations. 23 
Soubgroups n
S13 Southward migration 2013 26
N08 Northward migration 2008 3
Stranded Strandings 2010-2012 7
A13 Antarctic 2013 2
All samples 38
Table 4. Samples overview;
3.2.Levels of pollutants
Above all the investigated classes of pollutants, recoveries of the internal standard 
mixture ranged between 22 and 55%, depending on the compound, with an overall 
average of 38 ± 13% (SD).
3.2.1.Legacy organochlorine contaminants
Concentrations of organochlorine pollutants are summarized in Table 5-7. HCB 
was confirmed as the most abundant singular compound in the blubber of 
Southern Ocean humpback whale 23 with an average concentration of 60 ng/g. 
Overall pollutants burden was derived as: Σ9 cyclodienes (109)> Σ7 CHL (34)> Σ6 
DDT (20)> Σ32 PCB (6)> Σ4 HCH (2). Endrin, Dieldrin, Heptachlor and Oxy-
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Chlordane emerge as the most abundant OCPs. Despite the bans, DDT and its 
degradation products were found above the LOQ for the majority  of the biopsies 
(55-97% depending on the congener). Being the most stable DDT metabolite, p,p'-
DDE was the most abundant congener, making up  for the 54,3% of the total DDT 
burden. Nevertheless the parent DDT metabolite was found in detectable 
amounts, corroborating the presumption that this pesticide is still currently 
released. 5 PCBs feature very  low in the profile. That can be attributed to their 
limited historical usage in the southern hemisphere 3. Lowest chlorinated PCBs are 
more volatile, therefore they are more prone to undergo long range transport and 
to readily reach the highest latitudes. This explains why the lightest PCBs 
congeners, although they  are more susceptible to loss during the biopsy clean-up, 
feature in higher concentrations than the heavier ones. Such consideration 
extends also to other classes of molecules like HCB, DDTs and, as we will see 
later, low-brominated PBDEs. 66  The advantage of small molecules for being 
transferred through maternal milk (bio-availability) should also be regarded as a 
contributing factor to the prevalence of lower halogenated POPs. 27, 67 Last but not 
least, the low trophic level at which humpback whales feed accentuates the 
preference for molecules with a lower accumulation potential. For instance, in the 
blubber of most of marine mammals the above mentioned prevalence of DDE over 
the more hydrophilic metabolites, like DDD, is even more remarked: p,p′-DDE to 
∑DDT ratio is expected above the threshold of 0,6. The fact that our ratio was 0,54 
brings evidence to the assumption that humpback whales feeds at polar latitudes. 
46, 47 Stronger evidence comes from the fact that, as pointed out earlier, POPs 
distribution fairly resembles that found by analyzing east Antarctic krill (Euphasia 
superba).23, 49 
All samples
value (ng/g) ± Confidence Int. (95%) (n) % detection
o,p'-DDE 0,55 ± 0,09 38 66
p,p'-DDE 11,00 ± 2,00 38 97
o,p'-DDD 1,10 ± 0,20 38 55
p,p'-DDD 2,50 ± 0,50 38 100
o,p'-DDT 1,60 ± 0,40 38 100
p,p'-DDT 3,50 ± 0,60 38 97
a-HCH <LOQ 38 0
b-HCH <LOQ 38 0
g-HCH <LOQ 38 0
d-HCH 2,00 ± 1,00 38 5
Σ DDT (6) 20,25
Σ HCH (4) 2
Table 5. Concentrations of DDTs (ng/g)
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All samples
value (ng/g) ± Confidence Int. (95%) (n) % detection
HCB 60 ± 10 38 95
PCB (18) <LOQ 38 0
PCB (28) 1 (only one) 38 3
PCB (31) 1 (only one) 38 3
PCB (33) <LOQ 38 0
PCB (37) <LOQ 38 0
PCB (47) <LOQ 38 0
PCB (52) 1 ± 0 38 61
PCB (66) 0 (only one) 38 3
PCB (74) 0 ± 0 38 5
PCB (99) 0 ± 0 38 55
PCB (101) 0 ± 0 38 96
PCB (105) 0 ± 0 38 71
PCB (114) 0 ± 0 38 26
PCB (122) 0 ± 0 38 29
PCB (118) 0 ± 0 38 76
PCB (123) 0 ± 0 38 26
PCB (141) 0 ± 0 38 66
PCB (149) 0 ± 0 38 53
PCB (153) 0 ± 0 38 84
PCB (138) 0 ± 0 38 79
PCB (167) 0 ± 0 38 97
PCB (128) 0 ± 0 38 100
PCB (156) 0 ± 0 38 100
PCB (157) 0 ± 0 38 100
PCB (170) 0 ± 0 38 97
PCB (180) 0 ± 0 38 50
PCB (183) 0 ± 0 38 97
PCB (187) 0 ± 0 38 97
PCB (189) 0 ± 0 38 97
PCB (194) 0 ± 0 38 97
PCB (206) 0 ± 0,03 38 97
PCB (209) 0 ± 0,04 38 5
Σ PCB (32) 5,71
Table 6. Concentrations of PCBs (ng/g)
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All samples
value (ng/g) ± Confidence Int. (95%) (n) % detection
Dieldrin 17 ± 8 37 6
Aldrin 4 ± 11 37 6
Isodrin 8 ± 4 37 6
Endrin 18 ± 11 37 6
Heptachlor-exo-epoxide 6 ± 2 37 0
Heptachlor-endo-epoxide 4 ± 2 37 0
trans-Chlordane 1 ± 1 37 6
cis-Chlordane 2 ± 1 37 6
Oxy-Chlordane 11 ± 7 37 6
Chlordene 4 ± 3 37 0
Heptachlor 12 ± 7 37 0
trans-Nonachlor 3 ± 3 37 27
cis-Nonachlor 1 ± 1 37 19
Endosulfan I 2 ± 2 37 3
Endosulfan II 40 ± 40 37 5
Endosulfan sulfate 10 ± 10 37 0
Mirex 2 ± 2 37 97
Σ CHL (7) 34,3
Σ cyclodienes (9) 109
Table 7. Concentrations of OCPs (ng/g)
These results are in line with the findings recently  published by the same research 
team. We recall that this study functions both as an horizontal expansion (new 
compounds have been investigated) and as a lengthening of a monitoring effort 
started in 2007, and that these data will contribute to temporal trends.  The overall 
contamination profile that emerged from this analysis mirrors the comprehensive 
work of Bengtson Nash et al. 23 for which: Σ6 DDT > Σ9 cyclodienes > Σ7 CHL > Σ32 
PCB > Σ4 HCH. The only disparity between the two images concerns the relative 
importance of the groups of the OCPs (cyclodienes and CHL). That difference is 
not significant when we consider the uncertainty  associated to the quantification of 
this class of compounds. A detailed comparison between the previous and the 
present study is below reported (Figure 8).
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 Figure 8. Comparison between Bengtson Nash et al 2013 and this study. 
Bengtson Nash et al. provided the first data on the contamination of this population 
of whales. The primary focus of their project has been the lipid dynamic driven 
toxicokinetics of POPs in Southern hemisphere humpback as a function of their 
extreme annual migration. For this reason male individuals were randomly 
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targeted at two stages of the journey: when swimming from Antarctica to the 
tropical regions (northward) and vice versa (southward). Therefore the data 
collected from 2009 to 2012 were fit in these two groups. By contrast this work is 
built upon a non homogenous (life-status and gender) set of biopsies, the majority 
of which belongs to the 2013 southward migration (68% of the total) (Table 3). The 
relative weight of each biopsy  group to the final data has been investigated by 
Principal Component Analysis. Figure 9 is obtained by assigning to each biopsy 4 
numeric attributes, respectively obtained from the sum of the 4 sets of pollutants 
analyzed (Σ OCPs, Σ DDT, Σ PCB, Σ PBDE).  Southward 2013 specimens (S13) 
result in general in higher pollutants concentrations when compared to the other 
three classes of samples. Northward swimming animals (N08) form a compact 
cluster characterized by a lower overall contamination. Since the precise lipid 
percentages of the A13 and Stranded groups have not been made available yet, 
we do not attempt to comment their apparent lower burden. Results may  be 
slightly  different. The relative loading plot (reported at the end of this chapter as 
Figure 9B) shows that ΣPCBs and ΣDDTs burdens are positively correlated and 
account for the majority of the variance.
Figure 9A. Principal Component Analysis of the total pollutant concentration for each biopsy;
The relative loading plot is reported at the end of the chapter (Figure 9B);
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Adult males largely exhibit higher POPs concentrations in their blubber. The choice 
of excluding females was at that time motivated by the necessity to the 
confounding influence of pregnancy and lactation on toxicokinetics. 
In fact, from both terrestrial and marine mammal studies we know that male 
individuals tend to accumulate POPs linearly throughout their lifespan. Adult 
females, instead, experience contaminants offloading through pregnancy and 
lactation (gestational transfer) that in general lowers their whole POPs burden. 27, 
68  Furthermore, relatively to Southern Ocean humpback whales, reproduction is 
also suggested to cause a vertical gradient of POPs concentration in the 
outermost blubber layer: evidence of stratification has been observed in no 
specimens but in lactating females. 69   In Figure 10, this study  biopsies are 
discriminated on the basis of ΣPCBs and ΣDDTs content: females and males for m 
two blended, but distinct, clusters.
 Figure 10. ΣPCBs and ΣDDT concentration for females and males biopsies; 
There exist a number of accessible studies on POPs in marine mammals; and, 
together, these studies constitute a prolific field of research in and of themselves. 
There is also a small niche in research that targets baleen whales specifically 
(mysticete). Main traits of filtrating whales are that they feed at the highest latitude 
and that they  occupy a low trophic level. We already discussed some of the 
consequences that this behaviour produces over the pollutants patterns. Also, it is 
widely known that baleen whales exhibit a much lower level of contaminants when 
compared to toothed whales (e.g. dolphins, killer whales): this difference can get 
as far as four orders of magnitudes depending on the species, region and 
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compound. Nevertheless significant differences have also been found among 
separated populations of the same species. For instance both humpback and 
minke whale can be found in the northern as well as in the southern hemisphere, 
bearing very different degrees of pollution. Aono et al. 70  examined OCPs and 
PCBs in the blubber of 97 minke whales, from the Antarctic and the North Pacific 
region, captured between 1984 and 1993. This work is important for us for two 
reasons: southern minke whale (Balaenoptera bonaerensis) is a filtering whale 
feeding primarily  on Antarctic euphausiids,  therefore it represents a good term of 
comparison for humpback whale; data covers the decade immediately after the 
legacy POPs were phase out. Indeed the majority  of the pollutants results one 
order of magnitude more concentrated than those obtained by our study (even 
taking into account that they target only males).  DDT was at that time the most 
abundant contaminant (circa 60 times more concentrated than in our samples) 
soon followed by HCB and PCBs. Interestingly HCB was present in concentrations 
comparable to those found in our study (2 times higher) and, unlike the others 
chemicals, was also similar to those obtained  from northern hemisphere minke 
whales. Hexachlorobenzene is a fungicide employed for the conservation of seeds 
and despite it has been used in different areas with different extents, it does not 
resolve in great variability among spacial and temporal gaps. Its high volatility 
together with a low partitioning coefficient and long half-life (9 years in biota) make 
it particularly adapt to long range transport. A  reasonable explanation is that HCB 
is able to reach the global equilibrium faster than other POPs. 23, 66
Three articles published from 2004 to 2013 reports POPs levels for humpback 
whales free-ranging in the North Pacific and North Atlantic oceans. 25, 26, 28 In 
particular, Elfes et al. provided in 2010 a comprehensive study where different 
areas along west and east North America were explored. By showing that 
appreciable differences in contaminants patterns and intensity do exist in 
separated  populations of whales, that work both encouraged the idea of using 
humpback as bio-indicators of the status of certain marine areas and, in reverse, 
suggested the possibility of using POPs content itself to discriminate specimens 
that belong to different stocks. Ryan et al. expanded the northern Atlantic insight 
by getting samples as close to the Irish coasts. In general, the north hemisphere 
humpback whale (that is genetically different from the southern hemisphere 
humpback whale even though it belongs to the same species) exhibits much 
greater levels of pollutants. comes as a result of two factors: the historical 
prevalence of the anthropic activity  in the northern hemisphere and the northern 
humpback whale feeding at a higher trophic level. The disparity ranges between 
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one and three orders of magnitudes depending on the compound. PCBs are much 
more abundant in the northern hemisphere and they even do better than DDTs in 
the North Atlantic. 25, 26 HCB, instead, remains within the same range of values in 
all the examined regions, corroborating what has been explained above. Early this 
year (2014) the results of the POPs analysis of various cetaceans stranded along 
the coasts of Hawaii from 1997 through 2011 have been made available. 67 The 
study includes 3 humpback whales exhibiting pollutant burdens that are 
intermediate between Southern Ocean and North Pacific pollution levels. Even 
though the scale of the values sounds reasonable for animals belonging to 
sparsely  inhabited areas of the northern hemisphere, quantitative considerations 
might be hasty since all the samples analyzed belonged to female calves. A 
qualitative comparison of those referenced studies, that target POPs in humpback 
whales, is pictured in Figure 11.
Figure 11. Qualitative comparison of POPs burdens in humpback whales from different locations; the 
comparison is limited to those classes of compounds that are common to all the considered studies: HCB, Σ 
CHL, Σ DDT, Σ PCB, ΣHCH. (note: HCB is not analyzed by Elfes et al. while Metcalfe et al does not report 
ΣCHL.  For Ryan et al. 2013 and Elfes et al 2010 values are taken for males, while Metcalfe et al. 2004 values 
are thaeaverage between females and males. North Pacific results are mediated between Elfes et al., 
Metcalfe et al. and Ryan et al. . The current study values are averaged with Bengtson Nash et al. 2013.) 23, 
25, 26, 28, 67 
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3.2.2.PBDEs
The first effort to quantify PBDEs in humpback whales from the Southern Ocean is 
herein reported. Concentrations of PBDEs in 38 specimens are presented in Table 
8, as pg/g lipid weight. The percentage of detection is also shown: interestingly, 
except for PBDE-28 and -77, these pollutants are in appreciable amounts for 
roughtly  50% of samples, bringing evidence of the fact that these pollutants have 
reached the most remote areas of the planet. 
All samples
value (pg/g) ± Confidence Int. (95%) (n) % detection
PBDE-28 127 (only one) 38 3
PBDE-47 400 ± 200 38 42
PBDE-49 60 ± 20 38 68
PBDE-71 70 ± 40 38 42
PBDE-66 140 ± 60 38 58
PBDE-77 <LOQ 0
PBDE-99 200 ± 200 38 58
PBDE-100 70 ± 50 38 42
PBDE-85 70 ± 60 38 61
PBDE-119 71 ± 50 38 45
PBDE-138 170 ± 170 38 66
PBDE-153 140 ± 130 38 76
PBDE-154 120 ± 70 38 45
PBDE-183 200 ± 200 38 63
Σ PBDE (9) 1527
Table 8. Concentrations of PBDEs (pg/g);
Within the studies mentioned above only Elfes et al. 25 and Bachman et al. 67 
reported these compounds, expressed as the sum of the main congeners. As 
emerging pollutants PBDEs concentrations result in general ten or 100 folders 
those of the legacy pollutants. More interesting is the fact they show high 
variability among the places: their intensity is much dependent to the proximity  to 
densely inhabited areas. Although PBDEs potential for long range transport is 
widely recognized, their use is very recent (1990-nowadays): although  the 
production pick is estimated to have occurred at the end of the ’90, these 
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chemicals are still far from reaching the global equilibrium. So it makes sense that 
their presence in the environment are still tied to local hotbeds (discharge spots) 
and that their levels show steep spacial gradients. For instance Elfes et al. found 
very  high PBDEs concentrations on the east coast of America (800 ng/g) but could 
not detect the same pollutants in samples from the Gulf of Alaska and Bering Sea. 
In the current study ΣPBDE was comparable to ΣHCH. Lindane (γ-HCH) and its 
isomers are POPs, employed as pesticides, with a great tendency  to be 
transported and retained at high latitudes. The relative abundance of PBDEs and 
HCH could therefore give us an idea of the extent to which a region is exposed to 
either legacy or emerging POPs (Figure12). 
Figure 12. PBDEs and HCH regional distribution; 25, 57 
Among the most significant congeners the distribution pattern resulted as: BDE47 
> BDE183 > BDE99 > BDE153 > BDE154 > BDE28 (Figure 13). 
BDE47 is found to be the dominant congener. It is the main component of the 
penta-mixture and  it has been attributed the higher bioaccumulation potential. 10 
For this reason it is often used as a term of comparison between different studies 
dealing with marine mammal blubber or human blood. 71  Trumble et al.9 analyzed 
PBDEs in the blubber of Weddell seal from Antarctica. Values of BDE47 ranged 
between 1,2 and 1,8 ng/g: 5 times higher than those found by the current study. 
Seals are top predators in the Antarctic environment and exhibit levels of 
contamination that are circa 20 folders higher for the majority of POPs when 
compared to humpback whales. The reason for PBDEs not to show such a great 
difference between the two species can be explained by the recent assumption 
that cetaceans have a limited capability  to degrade organobromine compounds in 
comparison with pinnipeds.72  A second explanation can either be that these 
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compounds have increased during the 2-5 years that separates the collection of 
the 2 sets of samples (seals and whales). 71
Figure 13. PBDEs pattern;
Figure 9B. Loading plot  referring to the Principal Component Analysis of the total pollutant 
concentration for each biopsy  reported in Figure 9A. The four vectors represent the influence of the different 
classes of pollutants on the first two components; XLSTAT -Version 2014.2.06 - Mac;
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4.Conclusions
 38 Southern Ocean humpback whale blubber biopsies were analyzed by GC-MS 
for 68 legacy and emerging Persistent Organic Pollutants. Values collected were 
comparable to those featured by the previous team work, but very  distinct from 
those reported for separated populations of the same species. Several marks that 
emerged from the POPs pattern shown by the current study, together with a 
multidisciplinary documentation in literature, provide evidence that humpback 
whale are high latitudes feeders and that Euphasia superba is their principle prey 
item. Therefore we assume that the levels of contamination detected in the blubber 
of Megaptera novaengliae represent a reasonable mirror on the present status of 
the Antarctic food chain. Agricultural pesticides, whose pick of production has 
already passed, lay  the foundation of the whole organic contamination of the East 
Antarctic. Also DDTs and PCBs are present in appreciable concentrations. These 
chemicals have been found with declining extent in many areas of the globe. 
Hence we expect their profile in the blubber of Southern Ocean humpback whale 
to go through a negative trend in the upcoming years, as an effect of both a limited 
input and a moderated degradation rate. However, contemporary compounds are 
suspected to be taking the seat of the legacy one. PBDEs, the use and discharge 
of which are tightly correlated with human establishments, have been detected in 
our samples in modest but measurable concentrations. Studies targeting the 
blubber of Arctic top  predators recently  showed how some PBDEs congeners, as a 
consequence of the phase outs, have already  manifested a declining trend, while 
others are still growing in concentration and keeping the overall burden stable. The 
huge gradient that currently exists between the industrialized regions and 
Antarctica, suggests us that flame retardants will keep rising in the Antarctic food 
chain, even if only for a matter of redistribution.
 In general, the pollutants targeted by this work were found in concentrations far 
below the toxic threshold estimated for cetaceans. Although POPs values revealed 
in the adipose tissue seem not to constitute a threat per se, they might become 
dangerous when the uptake/exchange between blubber and blood goes through 
wide oscillations. The long periods of fasting that Southern Ocean humpback 
whale uniquely experiences every year should be taken into account when 
evaluating the health risk posed to this cetaceans, as previously advocated by the 
research team.
45
Appendix A
The complete list of the targeted POPs is herein reported (Table 9).
Structure Compound Structure Compound
1 Dieldrin 18 o,p'-DDE
19 p,p'-DDE
20 o,p'-DDD
21 p,p'-DDD
2 Aldrin 22 o,p'-DDT
23 p,p'-DDT
24 a-HCH
25 b-HCH
26 g-HCH
3 Isodrin 27 d-HCH
28 HCB
4 Endrin
tri
29 PCB (18)
30 PCB (28)
31 PCB (31)
32 PCB (33)
5 Heptachlor-exo-epoxide 33 PCB (37)
tetra
34 PCB (47)
35 PCB (52)
36 PCB (66)
6 Heptachlor-endo-epoxide 37 PCB (74)
penta
38 PCB (99)
39 PCB (101)
40 PCB (105)
7 trans-Chlordane 41 PCB (114)
42 PCB (118)
43 PCB (122)
44 PCB (123)
8 cis-Chlordane hexa
45 PCB (128)
46 PCB (138)
47 PCB (141)
46
9 Oxy-Chlordane 48 PCB (149)
49 PCB (153)
50 PCB (156)
51 PCB (157)
10 Chlordene 52 PCB (167)
tri
53 BDE-28
tetra
11 Heptachlor 54 BDE-47
55 BDE-49
56 BDE-71
57 BDE-66
12 trans-Nonachlor 58 BDE-77
penta
59 BDE-99
60 BDE-100
13 cis-Nonachlor 61 BDE-85
62 BDE-119
hexa
63 BDE-138
64 BDE-153
65 BDE-154
14 Endosulfan I hepta
66 BDE-183
octa
67 BDE-196
15 Endosulfan II nona
16 Endosulfan sulfate 68 BDE-206
17 Mirex
Table 9. List of the targeted compounds;
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Appendix B
GPC elution sheets for the classes of targeted compounds.
Table 10. OCPs GPC elution sheets;
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Table 11. PCBs’GPC elution sheets;
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